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Mechanisms of elastic softening in highly anisotropic
carbons under in-plane compression/indentation
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Abstract

We present a combined experimental and computational study of the elastic
behavior of a series of highly anisotropic pyrocarbons, with crystallite sizes L,
in the 2-10 nm range, under a-axis compressive load. The materials include a
rough laminar and a regenerative laminar pyrocarbon, as-prepared by chem-
ical vapor deposition and after various heat treatments up to 2600 °C, for
which a-axis nanoindentation experiments have been performed, showing a
significant decrease in the indentation modulus and hardness with increasing
L, (or heat treatment temperature). To rationalize this behavior, molecular
dynamics simulations of the uniaxial compression of accurate atomistic mod-
els of the materials as well as pristine graphite were performed, unraveling
significant out-of-plane deformations in the models with increasing compres-
sive strain, leading to elastic softening. More precisely, significant kinks were
observed around extended screw dislocation-like defects in the most disor-

dered pyrocarbon at rather large strain levels (~ 3%). Conversely, graphite
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rather shows the formation of extended buckles, starting at very low strain
values. Finite element modelling shows that such kinking/buckling transi-
tions should take place in a large area under the indenter tip within usual
nanoindentation conditions. Both finite element calculation and analytical
approximation of the indentation modulus predict the correct trend of de-
creasing modulus with increasing L, when applied with the elastic tensors
computed after the buckling/kinking transitions, certainly proving the im-
portance of the latter in the observed experimental indentation moduli.
Keywords: pyrolytic carbon, compression & indentation, buckling,

modelling & simulation

1. Introduction

Nanoindentation (NI) is a method of choice to characterize the mechan-
ical properties of carbon materials [1-12]. In particular, NI is extremely
suited to investigate the behavior of the individual components of C/C com-
posites, namely the carbon fibers [1, 3, 7, 10, 12, 13] and pyrocarbon (pyC)
matrices [1-3, 5-9, 11]. This is especially the case of the pyC matrices which
are difficult to isolate from the fibrous preforms and hence to characterize
with other techniques like tensile or bending tests. However, it is agreed
that compression/indentation tests are generally much more difficult to in-
terpret in terms of the materials elastic tensors, especially when such tensors
show high anisotropy [10, 14], which is generally the case of both carbon
fibers and high texture pyC matrices. A particularly counter-intuitive result
is generally reported when NI tests are performed with the indentation di-

rection parallel to the graphene layers (a-axis) of highly anisotropic carbons.



Indeed, as reported in many studies, the obtained indentation moduli show
very low values, similar to those obtained for indentation perpendicular to
the graphene layers [3, 12]. For instance, according to Diss et al. [3], the lon-
gitudinal (parallel to the graphene layers) indentation modulus of PAN-based
carbon fibers is of 27 GPa, close to the transverse elastic constant (Cs3 =
36 GPa) but lower by more than one order of magnitude than the in-plane
elastic constant (Cy; =~ 500 GPa). Values of the same order of magnitude
were reported in many other studies for various commercial carbon fibers
[7, 12] and high-texture pyC carbon matrices [3, 7-9].

To explain the low elastic moduli obtained from NI experiments, Diss et
al. postulated a load transfer close to the indenter tip, from in-plane (Cy;)
to out-of-plane (Cs3) compression, giving rise to the separation of graphite
layers in a so-called "wedge effect” [3]. The formation of kink bands and
nano-buckling are often considered as deformation modes in the literature
[4, 7, 12]. A similar nanoscale buckling was evidenced by synchrotron X-
ray diffraction for a carbon fiber under bending load [15]. Recent work by
Barsoum and co-workers based on indentation experiments and molecular dy-
namics (MD) simulations applied to a range of materials from plastic cards
and steel to TizSiCy, and graphite, have uncovered the universality of the
buckling behavior, called ripplocations, of layered materials under longitudi-
nal compression [16-19]. Nano-buckling/kinking was also observed recently
in MD simulations of the uniaxial longitudinal compression of pyC models
generated by engineering arrays of screw dislocations in graphite [20] and of
a layered molecular crystal [21].

Despite these recently published studies on the compression behavior of



highly anisotropic materials, so far, a clear picture on the effect of intrinsic
disorder on the compression properties and mechanism is still lacking. In
what follows we investigate the behavior under longitudinal compression of
a series of high-textured pyC samples showing crystallite sizes L, in the 2-10
nm range and for which accurate atomistic models are available. Materials
are tested using NI and compared to MD simulations and finite element

modelling (FEM).

2. Materials

The materials considered here have been described in details in former
publications [22, 23]. They comprise a rough laminar (RL) pyrocarbon
prepared by isothermal-isobaric chemical vapor infiltration (CVI) from a
methane/propane mixture at a temperature in the 1000-1100 °C range (PyC-
1 in Ref. 22) and a regenerative laminar (ReL) pyrocarbon obtained by
infiltrating a silica woven preform with a pure methane precursor [23]| at
1050 °C. Samples of the ReL pyC heat treated for one hour at various tem-
peratures in an induction furnace under high vacuum are also considered.
The heat treatment temperature (HTT) ranges from 1300 °C to 2600 °C. A
detailed characterization of these materials - including X-ray diffraction, neu-
tron diffraction, selected area electron diffraction (SAED), He pycnometry,
H-content measurements by Secondary lon Mass Spectroscopy coupled to
Elastic Recoil Detection Analysis (SIMS/ERDA), Raman spectroscopy and
high-resolution transmission electron microscopy (HRTEM) - is available in
Ref. 23. Some important microstructural parameters are summarized in

table 1.
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One can observe in table 1 that the size of coherent domains in the RelL
pyC significantly increases with heat treatment; for instance, the in-plane
coherence length L, increases from 2.6 nm to about 10 nm after heat treat-
ment above 2000 °C. Meanwhile, the anisotropy of the material decreases as
shown by the decrease in the orientation angle (OA), defined as the full width
at half maximum of the 002 arcs in SAED patterns, from about 40 degrees
for the as-prepared material to about 27 degrees after treatment at 1700 °C.
Another important effect of the heat treatment in the ReL pyC is the very
significant decrease in the full width at half maximum of the Raman D band
(FWHMp) dropping from about 200 cm™! for the as-prepared material to
about 30-40 cm ™! after heat treatment above 2000 °C. As shown in Fig. S1
of the supporting information, the good correlation observed between L, and
FWHMp (L, < 1/FWHMp®™) was used to predict values of L, at high
HTT (T > 1900 °C) for which X-ray diffraction experiments have not been
performed. The density increases from 2.11 g/cm? for the as-prepared ReL
pyC to a plateau value of 2.18 g/cm? after heat treatment at 1500 °C. These
values are close to the one of crystalline graphite and no porosity could be
detected on high-resolution TEM images [22, 23]. About 2.5 at. % and 0.7
at. % of hydrogen are present in the as-prepared ReL and RL pyCs, respec-
tively. Hydrogen is released with heat treatment as early as in the 1300 °C
treatment. Overall, we observe that the RL sample has similar parameters
to those of the ReL pyC treated at temperatures in the 1500-1700 °C range.

Atomistic models of the as-prepared pyCs and of the ReL pyC heat
treated up to 1700°C were generated using the image guided atomistic re-

construction technique [23, 25, 26]. The structural/textural features of these



Table 2: Elastic constants (in GPa) of the pyrocarbon models obtained from MD simula-
tions [24]. Cip1, Cs3, C12 and Cp3 are mean values from tensile and compressive simula-
tions. Cyy and Cgg are obtainded from shear simulations. Data for graphite where index

1 corresponds to the zigzag (ZZ) direction are given for comparison.

Model Cii Cg3 Cia Ciz Cgg Cua
Graphite (ZZ) [ 901 34 213 4 349 0.5
RL 583 24 120 26 235 94
ReL 489 25 94 30 190 134
ReLi300 557 30 112 33 225 154
ReL500 603 28 115 27 244 9.5
ReL1700 600 24 100 21 239 7.2

models have been validated against experimental structure factors (S(q)),
pair distribution functions up to large interatomic distances (3 nm), including
the highly discriminatory r?G(r) functions, as well as properties measured on
HRTEM images (fringe length, tortuosity and orientation statistics), showing
good agreement[23]. The models contain small graphene layers, in agreement
with L, values, connected via both in-plane grain boundaries, formed by pen-
tagons and heptagons, and extended out-of-plane cross-links, mostly under
the form of screw dislocations. They count between 1.7 to 2.8 % of fourfold
(sp?) C atoms, mostly located in cross-links. The number of defects with re-
spect to crystalline graphite (also called disorder in what follows) decreases
with increasing HTT and obviously with increasing L,. By construction,
low L, values imply large amounts of grain boundaries and crosslinks. Their

elastic tensors, summarized in table 2, were determined in Ref. 24 using MD



and the same interatomic potential that was used to generate the models|[23]
and will be used in this work to determine their behavior under compression
(see section 3.2 below), for consistency. One observes that in-plane elastic
constants - Cy1, Cip and Cgg - show values in relatively narrow ranges for
all pyC models but as-prepared ReL, accounting for roughly about 60 % of
the corresponding values for graphite. The lower values obtained for the
as-prepared ReL pyC were attributed to the presence of H atoms at domain
edges [24]. Constants involving interlayer couplings (Ci3 and Cy4) are sig-
nificantly larger for the pyCs (by about one order of magnitude) than for
graphite, due to the presence of interlayer covalent bonds in the pyC models.
Overall, we observe that both Cy; and Cgg increase with HT'T for ReL pyCs,

which is consistent with the observed increase in coherence length L.

3. Methods

3.1. Nano-indentation

In order to determine hardness and elastic moduli of pyrocarbons, a Nan-
otest NTX-P3 instrument from Micromaterials Ltd has been used with a
Berkovich (three-sided pyramidal) diamond indenter. A 3.5 mN peak load
was applied with a loading/unloading rate of 0.175 mN/s. The initial con-
tact load was of 0.01 mN and the holding period at peak load was 30 s. The
tests were performed in the direction parallel to the graphene planes. An
average of 12 independent measurements were performed per sample. All
nanoindentation tests were performed at room temperature.

The elastic moduli were determined from the indentation curves by using



a method originally proposed by Sneddon [27] :

2tan o

P=E, h? (1)

where P is the load, h is the penetration depth, o = 70.3° is the effective

cone semi-angle and E, is the reduced modulus:

1 1 — 12 1 — 2
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where F and F; are the Young’s Modulus of the sample and of the indenter
respectively, and v and v; are the Poisson’s ratio of the sample and of the
indenter respectively. The tip properties are F; = 1141 GPa and v; = 0.07.

The indentation modulus M is thus defined as

1_1—V2_1 11— (3)
M E E B,

Hardness is defined as the ratio of the load over the contact area A at

maximum load:

P
H=—. (4)

3.2. Molecular dynamics simulations

Elastic properties of the pyC models are computed as in former work
24, 28, 29] using MD simulations with the second-generation reactive empir-
ical bond order potential (REBO) [30] modified to incorporate van der Waals
interactions between non-bonded atoms according to the adaptive scheme de-
veloped by Stuart et al. [31]. General to these simulations is the use of the
velocity Verlet algorithm [32] to integrate the equations of motion, operated
with timesteps of 0.25 and 0.5 fs for systems containing and not contain-

ing hydrogen, respectively, and an Andersen thermostat [33] with collision

9



frequency 102 s7! to fix the temperature at 300 K. Prior to deformation sim-
ulations, the systems are fully relaxed at zero stress using MD in the NPT
ensemble at 300 K for 100 ps with an anisotropic weak-coupling (Berendsen)
barostat [34].

Uniaxial compression tests are performed in constrained conditions (see
Ref. [24]), meaning that the cell dimensions in the orthogonal directions and
cell angles are held fixed. The cell deformation along the compression di-
rection is performed by applying an infinitesimal homothetic transformation
to the system’s coordinates after every MD integration step at a very low
engineering strain rate of 4 x 107 s~!. Strain rates of 4 x 10% s~! and 4
x 10® s7! are also considered in some cases to evaluate the effect of strain
rate on the compression properties. As will be discussed below, compression
induces a significant change in the elastic behavior for all the models, due
to the buckling/kinking of the graphene layers. The elastic constants of the
buckled /kinked models are computed slightly above the transition in two
steps: i) the cell dimensions in the orthogonal directions are relaxed in the
NPT ensemble at 300 K for 100 ps; ii) the elastic tensors are computed from
a combination of uniaxial tensile tests, uniaxial compression tests and shear
tests performed at a constant engineering strain rate of 4 x 10® s~!. Shear
strain is applied through the use of Lees-Edwards boundary conditions [35].
In what follows direction 1 corresponds to the compression direction while
directions 2 and 3 designate the orthogonal in-plane (a-axis) and out-of-plane

(c-axis) directions, respectively.
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3.3. Finite elements modelling

The indentation response of the materials is also simulated using a 3D
FEM model, using Abaqus 6.12, fed by the elastic tensors computed with MD
simulations. The use of a full three-dimensional geometry, rather than the
usual axisymmetric assumption, is required here to account for the anisotropy

of the elastic properties of the pyC.

Figure 1: Cut-view of the finite element mesh used for the simulation of the indentation

response of the pyC materials.

The geometry of the sample and the mesh used in the following are illus-
trated in Fig. 1. Practically, the domain is a cylinder of radius and height
of 12.5 ym. The computational domain is chosen large enough so that the
boundary conditions do not influence the results. The mesh size is heavily
refined on the top surface, where the indenter will imprint the sample. The

minimal element length is 10 nm just below the indenter. The indenter is

11



modelled as an analytical rigid conical surface with a half-angle of 70.3°,
which gives the same area-to-depth ratio as a Berkovich indenter tip. The
interaction between the indenter and the sample is modelled using a hard
frictionless contact. The simulations are controlled in displacement where
the bottom surface of the domain is kept fixed and the vertical displace-
ment of the indenter is gradually applied in the z—direction. The maximal
indentation depth is set to 250 nm.

The load-displacement (P-h) curve of the indenter is eventually retrieved
to derive the reduced modulus using Eq. 1. The size of the domain and the
mesh refinement were calibrated thanks to a preliminary convergence study
using a reference isotropic medium. Yet, as previously reported in [36], there
could still exist a difference of up to 10% on the indentation load P between
FEM results and Sneddon’s solution depending on the Poisson’s ratio of the
material.

A local coordinate system is attached to the material so that the direction
in which the indentation modulus is sought matches with the z-axis of the
FE model. The effect of geometric non-linearity was found to be negligible
while causing convergence difficulties, and, therefore, has not been included

in the results reported hereafter.

4. Results

4.1. Nanoindentation tests

We first describe the results of the nano-indentation experiments per-
formed on all the pyC samples along the longitudinal direction. The loading-

unloading curves of the different pyC samples are shown in Fig. 2. It is

12
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Figure 2: Experimental nanoindentation load-displacement curves. Black: as-prepared
ReL pyC; grey-dashed: as-prepared RL pyC; colors: Rel pyC heat treated at 1300 °C
(green), 1500 °C (orange), 1700 °C (red), 1900 °C (magenta), 2100 °C (cyan) and 2600
°C (violet).
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clear that the penetration depth of the indenter at maximum load increases
significantly with the HTT (by a factor of 5 from the as-prepared ReL pyC
to the 2600 °C heat treated pyC), indicating a significant reduction of stiff-
ness and hardness with heat treatment. It is also noticeable that all the
materials show a perfectly elastic behavior, with no permanent deformation
after unloading, for HT'Ts up to about 2100 °C. Conversely, at 2600 °C, an
important deformation remains, despite the relatively low value of the peak
load (3.5 mN). The behavior of the as-prepared RL pyC under the indenter
is extremely similar to the one of the ReLL pyC heat treated at 1700 °C.

10
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Figure 3: Evolutions of the indentation modulus (M) and hardness (H) with HTT (the
HTT value for the as-prepared pyCs is arbitrarily set to the preparation temperature of

the ReL pyC). Same color code as in Fig. 2.

Indentation moduli (M) and hardnesses (H) derived from the indentation
curves are shown as a function of the preparation or heat treatment temper-

ature in Fig. 3. As expected from the indentation curves, both the modulus

14



and hardness decrease significantly with HTT, showing very similar evolu-
tions. More specifically, M decreases from 55 + 5 GPa for the as-prepared
ReL pyC to 4 +£ 1 GPa after heat treatment at 2600 °C, while H decreases
from 6.4 + 0.7 GPa to 0.25 £+ 0.1 GPa. Again, values for the RL pyC (M =
18 £ 2, H = 2.5 4+ 0.2) correspond to those of the Rel. pyC treated at 1700
°C.

4.2. Compression simulations

15— 5+
10
Vamny
<
A
O i
< | et
© - Graphite (ZZ)
5 RL
-— ReL
— ReL 3,
ReL 5
____________ - ReL1700
0 | ! J
0 0.01 0.02 0.03 0.04

Figure 4: Compression curves (stress (o) versus strain (¢)) obtained from MD simulations
of a-axis compression. Dashed lines indicate a second domain of linearity above a softening
transition in the elastic behavior marked by a significant change in the slopes of the curves.
Critical stresses (¢¢) and strains (¢¢) at which the transitions are observed are given in

the inset (dashed line in the inset is a linear guide to the eye). Same color code as in Fig.

2.
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Longitudinal compression curves obtained from MD simulations for the
ReL pyC models, including the as-prepared (ReL) and heat-treated materials
at 1300 °C (ReLjs00), 1500 °C (ReLis00) and 1700 °C (ReLj70), the RL
pyC model (RL) and graphite along the zigzag direction (ZZ) are shown in
Fig. 4. As can be seen, stress increases strongly with strain at low strains,
with a linear dependence corresponding to the C;; values given in table 2.
However, at some critical strain values (£°), a change in slope is obtained
for all models, leading to a much more compliant behavior, even though
maintaining a linear dependence of stress with respect to strain, suggesting
a linear elastic behavior. Interestingly, as shown in the inset, both critical
strain and stress seem to decrease with decreasing disorder from the most
disordered ReL. and Rel1399 pyC to graphite.

Unloading simulations were also performed for all the models, starting
from the largest strains shown in Fig. 4, back to zero strain. Loading and
unloading curves were found to superimpose well, leading to zero permanent
stress/strain after unloading and no apparent plastic deformation (see Fig.
S2 in the supporting information), confirming well the fully elastic nature of
the compression up to the reported strain levels (4 %).

The observed change in compression behavior is clearly related to a change
in the loading mechanism at the microscopic scale. Fig. 5 shows snapshots
of the graphite, Relj700 and Relijz00 models at rest (Fig. 5 (a,d,g)), at the
critical strains (£°) characteristic of the slope change (Fig. 5 (b,e,h)) and well
above (Fig. 5 (c,fi)). From the snapshots in Fig. 5(a-c) it is evident that
the change in the elastic behavior of graphite is related to the buckling of the

graphene layers along the compression direction. In the early stages of the

16
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Figure 5: Snapshots of (a-c) graphite, (d-f) ReL1700 and (g-1) ReLj300 models at different
stages of longitudinal compression (horizontal direction). Strain values are (a) 0, (b) 0.002,
(c) 0.04, (d) 0, (e) 0.015, (f) 0.04, (g) 0, (h) 0.029 and (i) 0.04. Only 2 nm thick slabs
are shown for clarity. Superimposed dashed lines are guides to the eye to visualize the
formation of kinks (orange) around extended screw dislocations (green) or buckles (blue)
during compression. The full compression trajectories are available as supporting movies

M1 (graphite), M2 (Relyi300 adn M3 (ReL17go)-
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test, loading consists of in-plane compression and the stiffness response corre-
sponds well to graphite’s Cq;. At a strain of about 0.2 %, some fluctuations
in the out-of-plane deformation of the layers leads to a deformation mode
which deviates from pure a-axis compression and progressively increases the
graphene layers curvature. This eventually results in a buckled /rippled tex-
ture with progressively increasing amplitude, yet showing a unique oscillation
within the model’s width (Fig. 5(c)). A similar buckling (or ripplocation)
transition was recently observed by Lafourcade et al. in MD simulation of
the triaxial compression of a large graphite model [37] where a large bump
in the stress-strain curve was observed around the buckling transition as well
as slightly larger critical €¢ and o¢ values. Similarly, Freiberg et al. also ob-
served such a stress bump in their indentation simulations, suggesting that
ripplocation is an activated nucleation process, allowing for subsequent stress
release under further indentation [18]. We show in Fig. S3 the effect of strain
rate on the compression curve of graphite. While stress bumps indeed appear
at large strain rates, they do not exist under more realistic strain rates and
can thus certainly be considered as strain rate artifacts, espcecially in NI
for which experimental deformation rates are considerably lower than those
used in MD simulations. Fig. S3 also shows that the strain rate used here is
sufficiently low to avoid most of this artefact.

Fig. 5(g-1) shows snapshots of the ReLj300 pyC model, one of the most dis-
ordered carbon investigated in this work, with smallest L, and largest amount
of cross-linking, along the compression simulation. Unlike graphite, we do
not observe here significant buckling within the graphene layers. However,

we can clearly see an increase in the misorientation angle at extended out-
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of-plane defects (screw dislocations) between different well stacked graphene
domains with increasing strain. A major difference with graphite is that
kinks already exist at rest in the material (see Fig. 5(g)), hence the transi-
tion is much softer and progressive for the disordered pyC models than for
graphite. Moreover, as shown in the inset to Fig. 4, the more disordered
the material is, the more delayed and the less pronounced the transition is.
Indeed, kinking transitions for the RelL and ReLi399 models, supposedly the
most disordered with shortest L, and largest OA and FWHMp, show rather
continuous transitions between the compressive and kinking deformations
with largest slope changes around strain values of ~ 3 %. Conversely, the
most ordered pyC model, ReL7qy, shows a stiff transition at ~ 1.3 % strain.
Snapshots of the evolution of the Reli790 pyC model during compression
(Fig. 5(d-f) shows that this intermediate behavior is due to the concomitant
development of buckling and kinking in this material.

In an attempt to quantify the out-of-plane deformations observed in Fig.
5 and responsible for the elastic softening of the stress-strain curves (Fig. 4)
we show in Fig. 6 an analysis of the c-axis non-affine displacements. Non-
affine displacement fields have been shown to be extremely suitable tools in
characterizing local deformations in glasses [38, 39] and were recently used
to characterize the elastic or viscoelastic behavior of hard and soft porous

carbons [40]. The a-component (o = z,y or z) of the non-affine displacement
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of a given atom is simply defined as up® =r —ud where r

represent the position of the atom prior to and after the deformation, and 2
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is the affine displacement of the atom defined as u2 = 9 Tom

and L2 being the lengths in the a direction of the deformed and undeformed
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Evolution with compressive strain of the average norm of the non-affine displacements.

(b-e) 2D maps of the average non-affine displacements in the x-z plane, where x and z

directions correspond to the compressed a-axis and the c-axis, respectively (b: ZZ graphite

at € = 2%; c: ZZ graphite at ¢ = 4%; d: ReL1300 at € = 2%; e: ReLj3p0 at € = 4%). The

residual ~ 0.1 A displacement at 0 strain corresponds to the average thermal vibrations

along the c-axis.
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cell, respectively.

Fig. 6(a) shows the evolutions of the average norm of the non-affine
displacements in the z direction ||u2®|| as a function of strain for ZZ graphite
and all the ReL. pyC models. We see that ||ul?| increases with ¢ for all
models, confirming the scenario of a deformation along the c-axis during a-
axis compression. In the case of graphite, ||u2®|| increases strongly with ¢ in
the early stages, then becomes less pronounced with increasing €. Conversely,
||lu2?*|| of as-prepared ReL and Relijs9p models increase very slowly, or even
remain constant, with strain at low strains, then show a superlinear increase
at higher strain, typically around the critical strain e ~ 3%. As expected,
ReL1500 and ReL;799 show an intermediate behavior with a transition at ¢ ~
1.7% between the slow increase at low strains observed for more disordered
pyC models and the strong yet sublinear increase typical of graphite at larger
strains.

Fig. 6(b-e) shows 2D maps of the average non-affine displacement u™*
in the plane defined by the compression direction (a-axis) and the c-axis for
graphite at strains of 2 % (Fig. 6(b)) and 4 % (Fig. 6(c)), and the RelL30o
pyC at strains of 2 % (Fig. 6(d)) and 4 % (Fig. 6(e)). All the maps show
the presence of a unique displacement wave along the models’ widths, in
agreement with the observations of Fig. 5. Furthermore, we can see that the
amplitude of the c-axis deformations is considerably larger for graphite than
for pyC ReL13q9, especially at 2% strain where the wave is already extremely
pronounced for graphite and almost unnoticeable for the pyrocarbon.

Another convenient way to characterize the loading mechanism is through

the analysis of diffraction patterns, which are computed from the atomistic
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models using the Debye equation:

Z Z £, Sin)ng (5)

where [ is the scattered intensity, ) the scattering vector, f; and f; are the
atomic scattering factors of atoms ¢ and j, respectively, and r;; the inter-
atomic distance. All calculations are done using the Debyer software [41],
with proper accounting for the periodic boundary conditions. A sinc damp-
ing function is applied in the case of graphite to avoid truncation artifacts.
Neutron weighting is considered with scattering factors taken from Sears et
al. [42].

Fig. 7(a) shows the evolution of the 002 peak of graphite as a function of
its compressive strain in the ZZ direction. We can see a progressive broad-
ening of the peak with increasing strain, consistent with the reduction of
the coherence length along the c-axis (L.). The peak position is also pro-
gressively shifted to larger Q which indicates a reduction in the interlayer
distance dggo. This is definitive evidence that the compressive load, at least
part of it, is transferred from a-axis mode to c-axis mode. As shown in Fig.
7(b), a similar behavior is observed in the case of the ReL pyC, even though
much broader 002 peaks are observed, as expected for a material with “crys-
tallite” sizes in the nm range. Also, the shifting of the peak position seems to
only be observed at large strains while a regular shift with strain is observed
for graphite.

Evolutions with strain of the apparent interlayer distances dggo, computed
from the peak positions using Bragg’s equation: dgp2 = 27/@Q), are given in
Fig. 7(c). In the case of graphite, dgge is conserved at very low strains,

up to about 0.2 %, then follows a strong linear decrease, almost perfectly
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Figure 7: Evolution of the simulated neutron diffraction 002 peak shape as a function of

a-axis compressive strain for (a) ZZ graphite and (b) as-prepared ReL pyC model. (c)

Evolution of the 002 peak position with applied strain for ZZ graphite and the ReL pyC
as-prepared (1050°C) and for HTTs of 1300, 1500 and 1700°C. Black and grey lines in

(c) are the theoretical values expected for pure in-plane (a-axis) and out-of-plane (c-axis)

compressions, respectively.
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fitting the line of pure c-axis compression. In contrast, for the as-prepared
(1050°C) ReL pyC, dgoe remains unchanged up to a much larger strain value
of about 2 %, then shows an abrupt decrease around the kinking transition
strain and eventually reach the pure c-axis regime at large strains of about
3.5 %. The behavior of the ReL pyC at 1300°C HTT is similar to the one of
the as-prepared material, with the only noticeable difference being that pure
c-axis compression is not reached by the end of the compression simulation.
Conversely, at higher HT'Ts, dggo evolves with strain in a very similar way
than was observed for graphite, thus confirming the significantly different
loading mechanisms observed at low HTT (1050 and 1300°C) and high HTTs
(1500 and 1700°C).

4.3. Nanoindentation modelling

Fig. 8 shows the distribution of strain at maximum indentation depth
(250 nm), obtained from FEM for graphite in the ZZ direction and the 1300
°C ReL pyC. These data were obtained using the elastic tensors provided in
table 2. The current FEM model makes use of a small deformation hypothesis
and hence, cannot account for such non-linear mechanisms as the identified
buckling mechanism. However, as shown in Fig. 8, the obtained strain
distributions show values that are exceeding the critical buckling strain ¢,
0.2 % and 3% for graphite and the pyC, respectively, in large areas of about
one (pyC) to several (Graphite) um under the tip. The MD results presented
above indicate that these large domains should have undergone the buckling
transition if permitted by the model and that their elastic behavior should
be much softer.

Fig. 9 shows the apparent elastic constants C¥, computed after the kink-
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Figure 8: 2D map of the longitudinal strain during a-axis indentation of (a) ZZ graphite
and (b) ReLi300 pyC obtained from finite element modelling.

25



ing/buckling transitions (the considered strain ranges for the linear fits are
indicated by dashed lines in Fig. 4). Corresponding numerical values are
given in table 3. Interestingly, one can notice that unlike Cy;, which in-
creases with increasing order (e.g. with increasing temperature for the ReL
pyC), C%, is maximal for the as-prepared ReL pyC (123 GPa) and progres-
sively decreases with increasing HTT down to a value of 63 GPa for the
ReLi700 model, a value equal to the one obtained for graphite. These values
are clearly in line, even though larger by factors of 2-3, with the experimental
indentation moduli (M}™), showing a decrease in the modulus of the ReL
pyC from 55 GPa as-prepared to 18 GPa after heat treatment at 1700°C.
To go further in the comparison between the experimental indentation
moduli and the elastic properties of the kinked/buckled models we com-
puted the full elastic tensors of the models right after the transition. First,
all the models were relaxed at values of the compressive strain e1; (direction
1) slightly above the critical strain ¢ (e.g. at the beginning of the second
linear domain) and with constant stress conditions (o9 = 033 = 0) in the
normal directions to release any strain in the latter. Then, tensile, compres-
sive and shear tests were performed to compute the complete elastic tensors
of the kinked/buckled models. Note that because of kinking/buckling, the
symmetry of the system is no longer transverse isotropic but orthotropic.
Therefore, a total of nine independent elastic constants has to be considered,
instead of six for a transverse isotropic material. Having defined the axes, the
definitions of C%, and C!; with o and 8 € (1:3) is obvious (the k superscript
indicates that the constants correspond to the materials with a kink/buckle

along direction 1). Similarly, we define C¥,, CE and Ck; as the shears in
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the (1,3), (2,3) and (1,2) planes, respectively. The complete tensors were ob-
tained from linear fits of compressive, tensile and shear stress/strain curves
at small deformations, except for the C¥, which were extracted from the data
in Fig. 4. C*_ with a € (1:3) are averaged using tensile and compressive
tests in « direction, C’;B with @ and § € (1:3) from tensile and compressive

tests in « and [ directions.

Table 3: Elastic constants (in GPa) of the kinked/buckled pyC models and graphite.

Model Ch Ch Cf Ciy Ck Ci Cf, Cfy Gy
Graphite (ZZ) | 64 859 32 04 05 345 38 28 11
RL 77 550 23 78 97 175 34 28 25
ReL 123 456 21 105 144 141 63 32 30
ReL1300 90 506 26 11.5 16.3 157 68 43 34
ReL1500 73 584 26 86 120 173 66 36 29
ReL1700 63 556 24 7.0 80 190 H7 32 29

The final sets of constants are given in table 3. Aside from the already
discussed C¥,, the most affected elastic constants are C}, and Cf; which show
significantly reduced values with respect to Cio and Cgg (see table 2), apart
from graphite’s Ck; which remains close to Cgg. Conversely, graphite’s C¥,
(28 GPa) and C%, (11 GPa) are significantly larger than Cy3 (4 GPa) while
Cky ~ Cy3 and C§; a few GPa lower for the pyC models. Similarly, C%, and
Ck. are close to Cyy for all the models with C%, slightly lower than CE, C5,
are close to Cy; and C%; lower than Cs3 by a few GPa.

Delafargue and Ulm (DU) have proposed explicit analytical approxima-

tions of the indentation moduli of transverse isotropic or orthotropic materi-

28



als for conical indenters [43]. For the orthotropic symmetry considered here,

the indentation modulus along direction 1, My, is given by

M; = /MM (6)
where M5 and M;3 read

Cr —C% < 1 2 )
M = 2 —_—— —_— + _ 5 7
2 \/ C’22 C’66 012 + 012 ( )

— 9 1

Ci3 —C%4 ( 1 2 )

13 \/ Cs3 Cy  Ci3+Ch3 (8)

and Cop = \/CaaCas > Cag.

Indentation moduli M¥ obtained with the DU equations using the elastic
tensors of the kinked models are shown in Fig. 9. As can be seen, MPY
values are very close to the corresponding C%¥ values, showing the same
decrease with increasing heat treatment temperature for the Rel. pyC. The
slightly lower values, by 14 GPa on average, for MPY with respect to C¥
indicates some coupling with other, more compliant, elastic constants during
indentation.

Finally, the indentation moduli M{® obtained from FEM simulations
using the elastic tensors of the kinked models are shown in Fig. 9. The
computed indentation curves for the various RelL pyC models are compared
to their experimental counterparts in the supporting information (Fig. S4).
Aside from graphite, showing a slightly larger value (by 6 GPa), calculated
MIE values are almost identical (within two GPa difference) to those ob-
tained with the DU method (MPY), thus validating the DU approximations

for the considered material.
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5. Conclusion

We have proposed a detailed investigation of the behavior of high texture
pyrocarbons under in-plane compressive load. Nanoindentation experiments
performed on a series of materials with L, in the 2-10 nm range have shown
that both indentation modulus and hardness significantly decrease with in-
creasing L, (or heat treatment temperature). This result was supported and
rationalized using a combination of molecular dynamics simulations, based
on accurate atomistic models of several of the investigated materials as well
as graphite, and finite element modelling of the indentation process. These
simulations have permitted to identify the importance of out-of-plane defor-
mations and load transfer during longitudinal compression and complete our
common understanding of the indentation process. Especially, MD simula-
tions have shown that the materials undergo a transition from pure in-plane
loading at low strains to a much softer response due to the out-of-plane de-
formation initiated at a critical strain level. These out-of-plane deformations
show a transition in nature from kinks in low L, highly disordered pyCs,
to ripplocations in large L,, highly ordered, carbons. The kinking/buckling
transition critical strain was also shown to decrease with increasing order.
The evolution of interplanar distance with increasing strain shows that me-
chanical load is almost entirely transferred to out-of-plane compression in
most ordered systems.

It is important here to recall that the kinks observed in this work for
the most disordered pyC models are very different from the well-known kink
boundaries in graphite [44, 45]. As shown by Freiberg et al. [18], when

graphite is compressed in plane, the linear elastic compression regime is fol-
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lowed by the reversible nucleation of ripplocations, and then, at much larger
strains, by the irreversible conversion of ripplocations into kink boundaries.
In this work we have shown that ripplocations nucleation is mostly suppressed
in low L, pyCs, ensuring an extended range of the linear elastic behavior.
Instead, in such materials, misoriented domains (i.e. kinks), already existing
at rest on the side of extended interlayer cross-links, still allow for elastic
softening by reversibly increasing their misorientation angles, yet at larger
strains.

Finite elements modeling indicates that critical strain is exceeded in a
large volume of the material under the indenter tip, compared to the tip
size, proving that most of the mechanical response to indentation is due
to material that has undergone the kinking/buckling transition. Applying
the FEM using the elastic constants of the kinked/buckled models allows to
qualitatively reproduce the evolution of indentation modulus with increasing
order. Quantitatively, the obtained moduli remain about 2-3 times larger
than experimental ones. Further work is required to reduce the quantitative
gap between experiments and simulations; yet, a plausible source of error for
the models is their limited size (6 nm) which can probably not fully account
for the effect of the kinking/buckling transition on the elastic behavior. Fi-
nally, the indentation moduli predicted using FEM were compared to those
predicted using the analytical model of Delafargue and Ulm [43]. An almost
perfect agreement was obtained, validating this approach, even in the case

of such anisotropic materials.
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